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Abstract If the definitions of the kilogram and the mole,
based on exact values of the Planck and Avogadro con-
stants, respectively, are accepted within the framework of
the new SI, then the current definition of the dalton cannot
be retained. Acceptance implies redefinition of the dalton
exactly in terms of the kilogram. The redefined, exact
dalton is useless in mass spectrometry, and hence, a new
quantity for the carbon-12 reference mass would have to be
established—against the principle of Ockham’s razor. In
order to remove the roots of this awkward concept, the
kilogram based on the Planck constant, and the mole,
consisting of a particular number of entities equal to the
inexactly determined numerical value of gram-to-dalton
mass ratio, should be included in the new SI system. Some
controversies related to the concept of mole have been also
briefly outlined.
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Introduction
This paper stems from two others. In an easily readable
editorial, De Bièvre [1] has emphasized the importance of a
measurable mass ratio, which is a number, for a
description of chemical phenomena. In a metrological
paper, Leonard [2] has revealed that an independent
definition of the kilogram and the mole, as proposed by
new SI, creates a fundamental incompatibility in stoi-
chiometry if the dalton is still defined as 1/12th of the
carbon-12 mass. The new SI concept of the mole should
be broadly discussed by chemists [1]. This call has been
backed by Milton’s observation ‘‘there is very little ini-
tiative for … a change from any of the communities of
users of the mole’’ [3]. Another call by the BIPM has
been addressed to the wide ‘‘scientific and user com-
munities’’ [4]. But the comprehension of metrological
concepts by an average user is not an easy task. This is
why a simple and short paper is needed that presents a
bird’s eye point of view on the matter in question, as
indicated by the title above. I do hope it will stimulate
further discussion.
For the sake of easier presentation, two equations used
by Leonard [2] have been rewritten below (see [2], Eqs. 5
and 6):
1 mol ¼ ðg=DaÞ
NA
exactly ð1Þ
This fundamental definition of the mole was the result of
a consideration involving the total substance mass, the
atomic mass, the relative atomic mass, and the Avogadro





where the left-hand side representing the numerical value
of the Avogadro constant expressed in the unit reciprocal
mole is valid ‘‘irrespective of how the kilogram and dalton
are themselves defined’’.
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Assumptions and the specific aim
Let us consider a simple chemical synthesis of a product P
from reactants of kind A and of kind B. Both reactants are
pure substances, i.e., they are chemical compounds or
elements. Non-stoichiometric compounds are excluded
from consideration. This enables us to specify a number of
identical entities, like atoms, molecules, and ions that
comprise the system. The mass of each entity, in Da, the
unit accepted for use with the SI [5], can be found or
calculated from physicochemical tables. The product P is
leaving the system immediately. Diffusional obstacles are
ignored. The stoichiometric equation of the synthesis is
known.
The aim is to establish a criterion for masses of A and B
that ensures the presence of both reactants, below the
detection limit, after the reaction is completed in a labo-
ratory or on an industrial scale. This is a trivial task today.
However, in the nineteenth century, the above-outlined
problem, being the implication of the law of definite pro-
portions (Joseph Proust, 1797), was of pivotal importance
for the development of chemistry and chemical technology.
Avogadro’s number
Atomic-scale description
The chemical equation of the said reaction is known:
aAþ bB! P ð3Þ
where A and B are the symbols denoting atoms or
molecules; a and b are small integers, usually. We learn
that a entities A react with b entities B. The masses of the
both reactants on the atomic scale, mA and mB, are equal to
aMA and bMB, respectively. Here, Mi denotes the atomic or
molecular mass of an entity expressed in Da. The ratio of






Equation (4) is a necessary and sufficient condition for
the complete consumption of both reactants. However, the
total mass of the system under consideration (aMA ? bMB)
is very far from the laboratory and industrial conditions
mentioned in the previous section. This is why in a
conceptual experiment the mass of the system must be
enlarged drastically.
Macroscopic-scale description and scaling factor
In the experiment in question, the masses of both reactants
A and B, mA and mB, are multiplied by an ever-increasing
number until the end of the experiment. At an advanced
stage of this growth, when the values of the numbers are
very high (of the order 1023), the atomic-scale unit, the
dalton, is replaced by a macroscopic unit, the gram. When
the mass values, expressed in g, reach the initial mass
values, expressed in Da, the further growth is discontin-
ued. The system has reached its final macroscopic stage.
The ratio of masses of both reactants, the same as in
the Eq. (4) [1], implies the total consumption of the
reactants during the reaction that would be completed on
macroscale.
Now, we can calculate the scaling factor, commonly
named Avogadro’s number, NAvo, between the macro-
scopic-scale mass values measured in g and the atomic-







That was indicated earlier [6]. The scaling factor NAvo,
as the ratio of two mass units, must be determined
experimentally, i.e., g must be expressed in Da. The
dimensionless number thus obtained is 6.02214X 9 1023,
where X denotes the values of further digits being still to be
determined [7]. If in Eq. (5) the gram were to be replaced,
for example, by the pound or the tonne, NAvo would have
another value. The principle of the determination of




For the microscopic characterization of the system, it is
necessary to estimate the number of entities that comprise
it. However, a number of entities corresponding to a mass
of the order of milligrams or more are needed in macro-
scopic experiments. This is a huge number, larger than
1020. Hence, counting atoms or molecules, as single enti-
ties, is impossible. Undoubtedly, a larger unit is needed.
For its definition, Eq. (5) is useful.
The mole, symbol mol, is a particular number of entities,
where that number is the gram/dalton mass ratio called
Avogadro’s number.
In a non-reacting system, the total number of entities, N,
is proportional to the amount of substance, n, obviously.
The proportionality factor, NA, is the Avogadro constant,
and its unit is equal to mol-1, i.e., reciprocal moles.
N ¼ NA n ð6Þ
Equation (6) is valid for all types of entities. By virtue of
the definition of the mole, the numerical value of the
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Avogadro constant, expressed in reciprocal moles, is equal
to Avogadro’s number.
fNAgmol1 ¼ NAvo ð7Þ
Note please the consistency of Eqs. (1) and (2), taken
from [2], with Eqs. (5 and 7), seen in this paper.
Amount of substance and other controversial issues
Amount of substance is the official name of the quantity,
represented by n, for which the mole is the SI unit. For
decades, there has been endless debate concerning this
quantity. For the sake of clarity, I will try to identify some
main axes of the dispute, although, of course, they are
interrelated with each other.
Some authors, e.g. [9], claim that mole is a macroscopic
unit, whereas others, for example [10], emphasize its link
with the number of entities on the atomic scale. In the
twenty-first century, it is trivial to say that the description
of a macroscopic system (consisting of atoms or mole-
cules) can be done, in a macroscopic or in a microscopic
way, by the same quantity. The equilibrium constant and
the heat capacities expressed in terms of classical ther-
modynamics and statistical thermodynamics are the
adequate examples here [11]. The quantity ‘amount of
substance’ and its unit ‘mole’ are a similar case.
Both the macroscopic and the microscopic description
are correct and are complementary to each other. A choice
between them is determined by the issue under consider-
ation. As the history of science is passing by, the
microscopic or molecular approach is attracting more and
more attention over the macroscopic or phenomenological
approach because the former is able to reveal mechanisms
of phenomena. The mole as the unit of amount of substance
is a heritage of nineteenth-century phenomenological
chemistry. At that time, it was the only choice because
atoms had been considered as hypothetical entities only.
The mole as the unit of an aggregate of entities, as pro-
posed by Leonard [12], or an ensemble of entities, as
proposed by Milton [13], fits well with scientific and
educational concepts of the twenty-first century. For
teaching purposes, the molecular approach is also the easier
one, and this is why it is preferred here.
Two questions are closely related to each other. Is
counting a measurement? Is it possible to define the mole
as a number? The positive answer to the first question
seems to be acceptable, especially since the publication of
the paper entitled ‘‘Uncertainty in measurements by
counting’’ [14]. Please note that in contrast to the second
question, no formal decisions are needed in the first case. In
principle, the answer to the second question is also
‘‘yes’’—although without recommendation [12]. In addi-
tion, Leonard has shown [15] in detail, using the perfect
gas law as the example, the modifications introduced to the
equations of physical chemistry by the concept of a
‘dimensionless mole’. The concept in question would also
imply a redesigning of the SI that in turn would create the
need of formal acceptance by the proper organizations
under the Metre Convention. Note that in the more general
case of ‘units for quantities of dimension one’ [16], the
acceptance has not been granted.
There are claims that the mole and the kilogram, when
expressed as a number of entities or a number of atomic
masses, respectively, have to involve integers. This com-
monsense concept [17], when properly commented, may be
helpful for teaching of chemistry, especially at the very
early stage. However, the ratio gram/dalton is of order
1023, and usually, no more than 10 digits can be identified
by an experiment—hence, the concept is insignificant.
Definitions of mole and dalton in the current SI
and in the new SI
Let me emphasize a link between the final conclusions of
the paper [2] and the ratio g/Da = NAvo (see Eq. 5). As
Leonard pointed out [6] any of two of NAvo, g and Da may
be defined independently; then, the third is determined by
Eq. (5).
The current concept of the mole has been determined by
two definitions:
(1) The mass of the international prototype of kilogram
(IPK) is greater than the mass of gram by the factor of
103.
(2) The dalton is equal to 1/12th of the mass of the most
abundant carbon isotope, namely carbon-12.
These definitions imply that Avogadro’s number has to
be determined by experiment. The same will be true if the
IPK is replaced by the kilogram defined in terms of the
Planck constant, commonly known as the ‘electronic
kilogram’ (‘‘The kilogram, kg, is the unit of mass; its
magnitude is set by fixing the numerical value of the
Planck constant to be equal to exactly 6.626 06X 9 10-34
when it is expressed in the unit s-1 m2 kg, which is equal to
J s’’. [7]).
However, the draft of new SI, endorsed already by
CGPM [4], introduces simultaneously two exact values: for
the Avogadro constant, when expressed in reciprocal mole,
and for the ‘electronic kilogram’. Hence, the third inde-
pendent definition, namely the current definition of the
dalton, cannot be retained. Experimental determination of
the dalton is also excluded as the exact value of the Avo-
gadro constant is already the result of the measurements
linking the gram to the dalton. In this situation, in order to
save the compatibility condition, the only choice is to
calculate the dalton from the rearranged Eq. (5) [2].





However, this redefined and exact dalton used in
stoichiometry calculations is useless in mass spectrometry.
Hence, a new inexact quantity, namely carbon-12 reference
mass, should be established for spectrometry purposes. This
is against the principle of Ockham’s razor rule, and
conceptually very unfavorable, and unacceptable from the
educational point of view, although very small differences
between both quantities will yield no harmful practical
implications,
Final remarks
The conceptual experiment described in this text is de
facto an application of the molar mass constant in a
descriptive way. Thus, the link of Avogadro’s number
with the inexactly known gram/dalton mass ratio is made
easy to comprehend by students. This is a prelude to a
definition of the mole. Note that the new SI is not nec-
essary while introducing the definition that expresses the
mole directly as a certain number of entities [8], at least in
teaching. The renaming of ‘amount of substance’ is a
similar case. All reasons summarized by Chyla [18] will
be valid independently, whether the new SI is accepted
or not.
What follows is my personal point of view on the SI
reform. Let me balance the main advantages and the main
drawbacks of the proposed new SI. The removal of
the IPK, a decrease in uncertainty for some fundamental
constants and satisfaction of the ‘‘electromagnetic com-
munity’’, caused by the appearance of the ‘electronic
kilogram’, seems to be the main advantages [19]. Decou-
pling of the dalton from the carbon-12 atomic mass
standard [2], i.e., in fact, the creation of two ‘daltons’,
that have exact and inexact values, respectively, is not
acceptable. Teaching/learning difficulties related to the
‘electronic kilogram’ will create also a series of essential
troubles.
Let me conclude. It seems that the optimal, new SI
option is as follows: introducing the ‘electronic kilogram’
and retaining Avogadro’s number as an inexact, experi-
mental result. This will remove the roots of the troubles
because no changes concerning dalton will be needed. In
this context, let me quote the phrase by Guggenheim [20].
This will be ’’a tremendous triumph of reasonableness over
confusion’’.
The future fate of the mole is clearly seen by Leonard, as
outlined by the title of [12], and described also in the
document [21]. I do hope the author will publish it soon.
Articles should also be solicited describing how to teach
the ‘electronic kilogram’—from the elementary school up
to the university level.
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